Abstract-The inftuence of chemical structure of the amorphous polymers of different classes on the physical properties (density, coefficient of thermal expansion, glass transition temperature, refractive index, opticalsensitivity index, solubility parameter) has been studied. Relations enabling the calculation of these properties exclusively on the basis of the chemical structure of the repeating unit are proposed.
The coeffi.cient of packing k representing the ratio of the van der Waals volume of atoms and atom groups included in the molecule to the true volume determined from the experimental data is taken as the measure of density . 1 -3 In calculations of the coeffi.cient of packing of polymers we will proceed from the molar volumes 'of the repeating unit. Then (1) where tJ. Vi are the increments of the van der Waals volumes of the atoms of the repeating unit of the polymer, M: the molecular weight of the repeating unit, d: the polymer density, and NA: the Avogadro number. For the calculation of the coeffi.cient of packing, k, the volume increments, tJ. Vj, were calculated for a !arge number of atoms valency-connected with a variety of atoms.
Since we may further need the tJ. Vi values for calculating not only the density but also all the other polymer characteristics, they are listed in detail in Table 1 .
Independent of the chemical structure of the polymer, the coefficients of packing of amorphous monolithic polymers proved to be approximately the same and equal -0·681 at T = 20"C. In order to illustrate this experimental fact, Fig. 1 shows the dependence of the density of structurally different polymers on MI NA t tJ. Vj. It is clear 19 that this is a linear relationship, and that the experimental d values fit it well. The slope of the line represents the coefficient of packing, k = 0·681. Because the k value in the first approximation represents the constant of the amorphous monolithic polymers, the polymer density can be calculated from the chemical structure of the repeating unit alone. For this purpose we rewrite the relation (1) as follows: (2) where k •• = 0·681.
Our calculations showed that the density of an amorphous polymer could be calculated, as a rule, within 0·01 g/cm 3 • It should be noted at once, that the coeffi.cients of packing of crystalline polymers are dependent on the chemical structure of polymers, and their values lie in a broad range.
In this study we calculate the coeffi.cients of packing of the crystalline polymers using the crystallographic values of density defined from the X-ray analysis data proceeding from the volume of the elementary cell and the mass of the atoms included in it. The calculations were made for 80 polymeric systems with very different chemical structures. The crystalline polymers were found to have a rather broad curve of distribution of the coefficients of packing (Fig. 2) . Figure 2 shows a similar curve for the amorphous polymers. It is clearly seen that the curve of k distribution for amorphous systems is rather narrow.
Let us now analyse the temperature dependence of the coefficient of packing. This was calculated from the Or.r ~c ~-..
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i !I : formulae (3) and (4) which were directly derived from eqn (1):
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where V, iS' the specific volume of the polymer at glass transition temperature, T, ; a0 and aL are the coefficients of thermal expansion of the polymer before and after glass transition temperature, respectively. Calculations from the formulas (3) and (4) show that the temperature dependences of the coefficient of packing for polymers have a form given in Fig. 3 . A noteworthy property of this temperature dependence is that the coefficient of packing, in the first approximation, is the same for all polymers at any temperature below the glass transition temperature.
In the second, more accurate approximation, the coefficient of packing is the same for each polymer at its glass transition temperature and equals k, = 0·667.
At low temperatures ( T0 "" 6°K) the coefficients of packing of polymers are also approximately the same and, as shown by our calculations, are equal to k0 = 0·731.
CALCULATIONS OF THE GLASS TRANSITION TEMPIRATURE OF POLYMERS
Let us now derive a calculation scheme for the T. = ko/k. -1 (6) . .
aa
Due to the additivity of the volume, the coefficient of thermal expansion, a0 , can naturally be considered as
where aj is partial coefficient of thermal expansion of the i-atom or the atom group of the repeating unit of the polymer, 4 Vi-the volume increment of the i-atom or the atom group.
The starting equation relating T, to the structure of the repeating unit is obtained by substitution of (6) for (7):
The values of Kj characteristic of each atom and each type of intermolecular interaction were determined by means of statistical treatment of the experimental data by the method of "least squares". These data are given in Table 2 .
Let us now relate the coefficients aj of the eqn (9) to the parameters of intermolecular interaction (the intermolecular bond energy and the distance between the interacting atoms). It is known that the coefficient of thermal expansion can be represented as foilows: (10) where ßi is the coefficient of anharmonism, ßj = (1/2)( a 3 ~I a' T 3 )I.oi; ' Yi is the harmonic force constant, ' Yi = (a 2~/ aT 2 )I.oi; TOi is the equilibrium distance between the given i-atom and the adjacent atoms, ~ is the interaction potential of the i-atom with the adjacent.
When using Lennard-Jones' potential in determination of ßj and 'Yi; where D if the bond energy (the depth of the potential weil), To-the equilibrium distance between the atoms, 'Toi
methacrylate), 6-polycarbonate of 4,4-diphenylpropane. An evaluation of the D, value for bonds of various types shows that the bond energy values resulted from the handling of the experimental data conform to the energies of intermolecular interaction (rather than to chemical bonds).
Calculations from the formula (12) shows that the averaged bond energies, D,, have the values given in Table  2 .
As, according to the data, 5 ' 6 the values of bond energies, D01, for different atoms given in Table 2 
The relation (14) for calculating r. has a form similar to that for definition of the Kuri temperature in ferromagnetics. For calculating the glass transition temperature of polymers, relation (8) is very useful. Checking of eqn (8) for applicability showed that the calculated and experimental glass transition temperatures agree weil for a great nurober of the investigated polymers with very different chemical structures. Figure 4 shows the depen- (8) is valid over a very broad temperature interval. Thus, it is possible to calculate the glass transition temperature prior to synthesis independent of the class of polymer. The coefficient ofthermal expansion, a0 , can simultaneously be calculated for an amorphaus solid polymer from eqn (7). For a nurober of polymers there is a reasonable agreement between the calculated and experimental data (Table 3) . Let us now ascertain the effect of changes in the density of packing of the macromolecules on the melting point of the polymer when passing from the amorphous to crystalline state. It should be noted prelirninary that, for many polymeric systems, according to the Beaman data,' the relation between the glass transition temperature, T 6 , and the melting point, T;., is approximately constant (T 6 1Tm ,.,0·67). But a detailed analysis shows 8 that this common tendency is not always fulfilled. The relation ß = T 6 1Tm can take on very different values (from 0·25 to 0·97).
Our calculations showed that the ß value depends on the relation of the coefficients of packing for completely amorphous and fully crystallized polymers, k.m I kcr· This dependence is shown in Fig. 5 . It can be seen that with an increase in k.m I kc, the ß value increases approxirnately linearly. Consequently, the relation between the glass transition temperature and the melting point depends on the difference in densities of packing of the macromolecules in the amorphous and crystalline state. A higher density of packing on polymer crystallization results in a more profound difference between the melting points and glass transition temperature.
OmCAL PROPERTIES
Among the parameters of optical properties the refractive index, n, is the most important. For calculation of this characteristic we derived a relationship based on the Lorenz-Lorentz equation (2) where k.. is the mean coefficient of molecular packing (for monolithic polymers k •• = 0·681, for films k •• = 0·695), R-the molar refraction, m;-the number of the i-type atoms in the repeating unit, T;-the specific refraction of the i-type atoms, A-the atornic weight.
Our investigation pointed to a good agreement of the calculated and experimental values for refractive index examplified by aromatic systems (Table 4) .
Another important parameter of the optical properties of polymers is the optical-sensitivity index, C,., which represents the constant of proportionality between the magnitude of birefringence, än, and the stress, u, that gives rise to birefringence:
The coefficient C.. is rather sensitive to the chernical structureofthepolymer. Ourinvestigations showed thatthe optical sensitivity, for instance, of aromatic systems is higher by one order than that of all polymers previously studied. Table 5 gives, as an example, the values of C.,. for various classes of polymers. The high optical sensitivity of arornatic systems results from a great amount of condensed cycles characterized by considerable anisotropy of polarizability. On the basis of a great number of experimentaldata, we derivedarelation between C.,. and the CH,
-rr-0~~~0- The C values are given in Table 6 . U sing them the C .. value can easily be calculated for many polymers. Checking by means of (17) showed good agreement between the calculated and experimental values of C .. (Table 5 ). The density of cohesive energy equal to the energy of intermolecular interaction of 1 cm 3 of substance, BI V, is one of the most important parameters for evaluating the intermolecular interaction in liquids. This parameter for liquids is determined from the heat of evaporation, tJ.H .. , and calculated by the formula
where 8 is the Hildebrandt solubility parameter, V-the molar volume of liquid.
The value of tJ.H.. can be experimentally determined only for low molecular weight substances capable of evaporation without decomposition, which cannot naturally be obtained for polymers. Some authors9-12 have attempted, therefore, to calculate the value of 8 by separating the values B and V into component increments; other approaches have also been proposed. It is, however, evident that such a separation would not be correct, because the volume occupied by the same atom in different molecules would vary due to the difference in the coefficient of molecular packing in liquids. The same is valid for the cohesive energy, B.
The calculation of increments of the density of cohesive energy by relating it, not to the molar, but to the van der Waals atom volume, is in this case physically wellgrounded. Forthis purpose, eqn (18) should be rewritten: For calculation of the aB~ values we used the 8 values for low-molecular weight liquids available in the literature.13 For this purpose we derived an excess system of equations on the basis of (20) which was solved by the method of the "least squares" on an electronic computer 63CM-4. For a more accurate calculation of solubility parameters, 8, it proved to be necessary to introduce 12 increments aB~ given in Table 7 . Knuwing the rnagnitude of aB~ and a V;, we defined the 8 value for 60 liquids having various chernical structures. As an example, Table  8 shows the calculated and experimental 8 values coinciding with a high degree of accuracy. Figure 6 represents theoretical dependence of 8 on the ratio B~l NA I a V.; experimental points fit it weil. The above considerations permit to use this method for calculating cohesive-energy density of polymers. It is seen from Table 8 that the calculated 8 values for a number of polymers agree with the available experimental data. It should be noted, nevertheless, that the experimental methods are not quite accurate, and the calculated 8 values prove to be more reliable.
Since the increments aB~ and a V, are known 2 ,3 practically for all atoms and atom groups included in polymers with different structures, the proposed method can be usedfor calculation of 8 for practically any polymer. Thedeterrnination of 8 is known tobe of greatimportance in the evaluation of polymer solubility and polymer compatability, both with plasticizers and with one another. 
